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ABSTRACT 

We present here a summary of the scientific goals behind the Gravity and 
Extreme Magnetism SMEX ( GEMS) X-ray polarimetry mission's black hole (BH) 
observing program. The primary targets can be divided into two classes: stellar- 
mass galactic BHs in accreting binaries, and super-massive BHs in the centers 
of active galactic nuclei (AGN). The stellar-mass BHs can in turn be divided 
into various X-ray spectral states: thermal- dominant (disk), hard (radio jet), 
and steep power-law (hot corona). These different spectral states are thought 
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to be generated by different accretion geometries and emission mechanisms. X- 
ray polarization is an ideal tool for probing the geometry around these BHs and 
revealing the specific properties of the accreting gas. 



INTRODUCTION 



The first positive detection of polariz ed X-rays from an astronomical source was made 
with a sounding rocket experiment in 1971 (INovick et al.lll972l ). The last positive detection of 
polarized X-rays f rom an astronomical so urce was made with the Orbiting Solar Observatory 
(OSO-8) in 1976 dWeisskopf et all lllmM Both observations were of the Crab nebula, one 
of the brightest X-ray sources in the sky, and quite highly polarized at a level of ~ 20%. 
As most polarization detectors are fundamentally limited by counting statistics, it would 
take orders of magnitude more photons to reach a sensitivity of a few percent, the level of 
polarization expected from many classes of astrophysical sources. It is quite likely that, in 
the era of OSO-8, no other source on the sky would have given even a marginal detection. 

Now, after more than thirty years since that last successful observation, we are on the 
brink of a new era of discovery with X-ray polarization. A recent flurry of new mission 
proposals has renewed interest in theoretical modeling of X-ray polarization from a variety 
of astrophysical sources. The Gravity and Extreme Magnetism SMEX (GEMS) mission_|, 
with an expected launch date of April 2 014, will provide broad-band spectropolarimetry with 



high sensitivity in the 2-10 keV band (IBlack et al.ll2003l ; iBellazzini et al.ll2006l ; ISwank et al. 



20091 ) . GEMS should be able to detect polarization from a large number of galactic and extra- 
galactic sources at the 5 ~ 1% level, including stellar-mass black holes (BHs), magnetars, 
pulsar wind nebulae, and active galactic nuclei (AGN). Altogether, there are a few dozen 
known X-ray sources that are expected to have polarization and flux levels great enough 
to be reliably detected by GEMS. This document outlines the primary science questions 
regarding X-ray polarization in accreting BHs, both the stellar-mass BHs that are found in 
galactic X-ray binaries, and also the supermassive BHs that power quasars and AGN at the 
centers of distant galaxies. 

A black hole is the quintessential compact object. Even the supermassive BH in the 
center of our galaxy only subtends an angle of ~ 2 x 10~ 5 arcsec. While radio interferometry 



^^More recently, there has been evidence of polarized hard X-rays and 7-rays from INTEGRAL and Fermi, 
but not in the 2-10 keV band that GEMS will probe. 

2 heasarc .gsf c .nasa.gov/docs/gems 
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is just now beginning to achieve this level of angular resolution, X-ray telescopes are orders 
of magnitude away, and unlikely to reach it in the foreseeable future. Thus, to observe 
the detailed geometry of the X-ray emitting regions of the accretion flow around a BH, we 
have to rely on indirect measurements such as spectroscopy and timing, interpreted through 
theoretical models for the source. Polarization will provide a new, powerful tool for probing 
the geometry of BH accretion. At the most basic level, polarization measures symmetry. 
A source with rotational symmetry around the line of sight (e.g., an accretion disk viewed 
face-on) will necessarily give zero net polarization. A source with reflection symmetry across 
a plane (e.g., a non-relativistic disk viewed at some angle) will be polarized either parallel 
or perpendicular to that symmetry plane. In general, highly symmetric objects will produce 
more highly-polarized signals than disordered or turbulent systems. 

For extremely relativistic systems like BHs, the geometry of the accretion flow is inti- 
mately mixed up with the geometry of the curved space-time surrounding the BH. The effects 
of relativistic beaming, gravitational lensing, and gravito-magnetic frame-dragging can break 
the symmetry of even an ideal steady-state disk, and give a non-trivial net rotation to the 
integrated polarization vector. Because the temperature in an accretion disk should increase 
closer to the BH, where these relativistic effects are strongest, it was predicted long ago that 
the observed a ngle and degree of pola r ization of thermal disk emission should dep end on 



photon energy (I St ark fc Connors! 119771 ; I Connors fc Stark! Il977l ; IConnors et al.l Il980f ) . The 



emissivity in the disk is itself a function of the space-time geometry, since the spin of the BH 
strongly affects the efficiency of angular momentum transfer and thus accretion, particularly 
in the inner disk where temperatures are highest. 

To complicate the matter further, many X-ray binaries and AGN exhibit strong non- 
thermal radiation, strongly suggesting the presence of a hot corona. The physical mechanism 
that produces this corona is not currently well-understood, but is almost certainly magnetic 
in origin. Additionally, many BHs produce strong relativistic jets of similarly unknown 
origin. We hope that X-ray polarization will help us constrain the many varyious models 
to explain these exotic systems. To a large extent, the questions we want to answer are 
the same as those that drive more established BH observations like spectroscopy and timing 
analysis, but from the more geometric perspective of polarization. 



2. BLACK HOLE STATES 



Galactic BHs are known to exhibit remarkable yariability in their flux an d spect ral prop- 
erties, on time scales from milliseconds to years. iRemillard fc McClintockl (120061 ) identify 
four distinct states, based on well-defined observational characteristics: Quiescent, Thermal 
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Dominant, Steep Power Law, and Hard. Since polarization measurements require large num- 
bers of photons, there is not much hope that we will be able to observe sources in quiescence. 
The other three states are likely associated with distinct accretion geometries, as described 
below. 

2.1 Thermal Disk State 

The simplest state is the Thermal Dominant state. This is defined by a strong ther- 
mal peak in the spectrum, peaking around 1 — 3 keV, with little or no hard flux above 
~ 10 keV. There is very little variability, and no significant quasi-periodic oscillations 
(QPOs). The physical model usually employed is that of a geometrically thin, optically 
thick, steady -state accretion disk, aligned with the BH spin ax is. In the analytic "alpha- 
disk" model (jShakura Sunyaevlll973l ; iNovikov & Thornelll973l ). the gas orbits the BH on 
circular geodesic orbits and then plunges abruptly into the BH at the inner-most stable 
circular orbit (ISCO). Since the ISCO is a strong function of BH spin, any observable that 
depends on its location provides a potential method for measuring spin. 

In recent years, a number of different groups have studied the detailed properties of 
this plunging region using 3-D, fully relativisti c magneto-hydrodynamic (MHD) simulations. 
The results have not been entirely conc lusive. iNoble et al.l (120081 120101) find signific a nt dis - 
sipation from gas n ear the ISCO, while iReynolds fc Fabianl (120081 ) and lShafee et al.l (120 08'); 



Penna et al.l (120101 ) find a more abrupt cutoff, similar to the idealized case of 



Novikov fc Thorne 



Jl973h . with the peak flux coming from somewhat outside the ISCO, and little or no emission 



coming from the plunging region. In eithe r case, the inner edge for any single source appears 
to be fixed over a range of luminosities (iGierliriski fc Pond l2004f ). If we wish to measure 
BH spin with X-ray observations, whether by using continuum fitting, broad iron lines, or 
polarization, it is critical to understand the detailed behavior of the gas near the ISCO. 



As shown in ISchnittman fc Krolikl (120091 ). spectropolarization observations of stellar- 
mass BHs in the thermal state may provide a way to break the degeneracy between spin and 
magnetic torques inside the ISCO. Polarization is particularly dependent on the emissivity 
and orbital dynamics in the inner disk b ecaus e of the strong relativistic effects there. As 
originally pointed out in lAgol fc Krolikl (120001 ) , photons emitted very close to the BH get 
strongly deflected by gravitational lensing, and can actually pass over t he BH and intersec t 
with the far side of the disk, a process known as "returning radiation" (I Cunninghaml 1 1 9 761 ) . 
For highly ionized accretion disks (as expected for the ~ 1 keV temperatures in typical X-ray 
binaries), the returning radiation can scatter off the disk at large angles, which naturally 
leads to high polarizati on. If even 5% of the total fl ux returns to the disk, it can dominate 
the polarization signal (ISchnittman fc Krolikl 120091 ) . Because the accretion disk opacity is 
expected to be dominated by electron scattering, the seed polarization should be emitted 
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with modes t polarization of a few percent, oriented parallel to the disk surface in the local 
fluid frame ( jChandrasekharlll960l ) . The scattered radiation, on the other hand, will be highly 
polarized and perpendicular to the disk surface, especially for observers at high inclination 
angles. Figured] shows polarization images of a 1OM BH in the thermal disk state, including 
only the direct radiation (left), and the total flux, including the returning radiation (right). 
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Fig. 1. — Ray-traced image of direct radiation from a thermal disk (left). The observer is located 
at an inclination of 75° relative to the BH and disk rotation axis, with the gas on the left side of 
the disk moving towards the observer, which causes the characteristic increase in intensity due to 
relativistic beaming. The black hole has spin a/M = 0.9, mass M = IOMq, and is accreting at 
10% of the Eddington limit with a Novikov-Thorne emissivity profile, giving peak temperatures 
around 1 keV. The observed intensity is color-coded on a logarithmic scale and the energy-integrated 
polarization vectors are projected onto the image plane with lengths proportional to the degree of 
polarization. The (right) image, includes the returning radiation, made up of photons emitted from 
the inner disk, deflected by the B H and scattered off t h e opp osite side of the disk towards the 
distant observer, [reproduced from Schnittman &; Krolik ( 20091 )] 



Since the radiation emitted closest to the BH, where the disk is hottest, is most likely 
to get deflected by the BH as returning radiation, the high-energy flux tends to be polarized 
parallel to the disk's rotation axis ("vertical" in our convention, with ijj = ±90°), while the 
low-energy flux from the outer disk is oriented perpendicular to the disk projected on 

the sky ("horizontal," with ip = 0°). The location and shape of this polarization transition 
is a direct probe of the emissivity profile near the ISCO. Figure [2] shows the polarization 
expected from a 1OM BH in the thermal state, with a Novikov-Thorne emissivity profile 
that goes to zero at the ISCO, for a range of spin parameters yet holding L = O.lLEdd fixed. 
As the spin increases, more of the flux originates closer to the horizon, and return radiation 
becomes more important, leading to a larger fraction of observed radiation in the vertical 
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orientation. Aside from potentially measuring the BH spin, this return radiation can be 
used to probe the space-time as close to the horizon as possible and still allow the photons 
to escape. In this context, the polarization swing from horizontal to vertical might even be 
used to co nstrain alternative theories of gravity, e.g., testing the no-hair theorem of general 
relativity ( jJohannsen fc Psaltisl l2010ai lbl: iKrawczynski Il2012bl ). 




Fig. 2. — Polarization degree and angle for a range of BH spin parameters. All systems have 
inclination i = 75°, BH m ass IOMq, luminosity L/Ledd = 0.1, and Novikov-Thorne radial emission 
profiles, [reproduced from ISchnittman fc Krolikl (120091 ) 



Schnittman fc Krolikl (120091 ) also allowed for emission inside of the ISCO by including 
a simple power-law parameterization that connected smoothly with the Novikov-Thorne 
emissivity profile in the inner disk. Thus the spectropolarization signal from any disk could 
be completely described by only a few parameters: BH mass, spin, luminosity, distance, 
inclination, and the additional power-law parameter for emission inside the ISCO. 

Even if such a simple model were a perfect description of the BH source, there still 
exist fundamental degeneracies among the parameters, in particular the mass, luminosity, 
and distance. These degeneracies may be broken by observations at other wavelengths, e.g. 
optical absorption lines in the companion star that could be used to make radial velocity 
measurements, in turn giving the binary mass function. Other observational techniques, 
such as the contin uum fitting method, require a priori knowledge of the disk inclination 
( jShafee et al.l 120061 ). while interpreting measurements of the broad iron Ka line typically is 
based on some assumption of the ionizing flux distribution, and requires some know ledge of 
both the emission and reflection edges of the accretion disk (IKrolik fc Hawley II2002I ). X-ray 
polarization promises to be quite complementary to these more established techniques. For 
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example, the polarization below ~ 1 keV should probe the Chandrasekhar regime of the 
disk, and thus provide a good estimate of the inclination, espe cially in cases where the inner 
disk is tilted with respect to the orbit of the binary system (ILi et al.ll2008l ). Additionally, 
if the orientation of the disk axis can be deter mined, we will b e ab le to compare it with 
observ ations of radio jets from the same souce (IReid et al.ll201l[ ). In ISchnittman fc Krolik 
( 120091 ) a simple data analysis method was used to estimate our ability to recover the model 
parameters of a hypothetical BH source with an idealized detector response function. As 
expected, there was some degeneracy between the BH spin and emissivity parameters, but 
with sufficient signal-to-noise, these parameters may both be determined independently. 
Similar calculations must be repeated with the specific GEMS response function. 

Despite these theoretical uncertainties, the thermal disk state is still arguably the most 
well-understood state for BH binaries, and promises to give the most fundamental physical 
measurements, allowing us to probe strong-field general relativity with a relatively small 
uncertainty on the astrophysical factors that often plague such investigations. The central 
questions we hope to address are: 

• What is the emissivity profile of optically thick, magnetized accretion disks near the 
BH, and to what extend will X-ray polarization be able to measure this profile? 

— How does this profile depend on BH spin, and how accurately can we measure 
the spin by using polarization measurements? 

— Is the radiation generated in the inner disk and plunging region thermalized? 

— Where is the inner edge of the disk, as defined by emission? 

• What is the polarization of seed photons in a turbulent, magnetic (yet still thermal- 
dominated) accretion disk? 

• Can spectropolarization give definitive evidence for strong gravitational lensing? How 
well can we use the light bending of return radiation to probe strong-field gravity and 
test general relativity? 



2.2 Hot Corona State 

The brightest BH transients usually fall into the category of the "Very High" or "Steep 
Power Law" (SPL) state, characterized by a power-law spectrum with I u ~ v~ a , (a > 1.4) 
in addition to a weaker thermal peak. The SPL state is also where we find most of the high- 
frequency quasi-period ic oscillations (QPOs), which ap pear strongest in the non-thermal part 
of the X-ray spectrum (jRemillard fc McClintockll2006l ). One popular physical picture behind 
the SPL state is one of a relatively cool thermal accretion dis k surrounded by a geometri- 
cally thick corona of hot electrons with temperature > 50 keV (IZdziarski &: Gierlinskil I2004J ; 
Zdziarski et al.ll2005f ). From the slope of the power-law spectrum, the Compton y-parameter 
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for the corona is thought to be of order unity, thus implying an optical depth of r ~ 1 — 2 
( IRybicki &: Lightmanlll979l). Other suggested models include bulk Comp tonization from a 
converging accretion flow (ITitarchuk fc Shradgj |2002| ; iTurolla et al.ll2002l ). 



As evidenced by the plethora of models for the SPL, X-ray spectroscopic observations 
have not been able to constrain the detailed geometry of the corona very well in galactic 
BHs. Is it clumpy or homogeneous? Is it centrally concentrated or diffuse? What is the 
scale height? The answers to these questions should in turn provide important clues about 
the physical origin of the corona. Is it magnetically dominated like the solar corona? Is it 
gravitationally bound to the BH? A better understanding of the coronal properties will also 
lead to improved modeling of the broad iron emission line, which is likely excited by the 
high-energy photons originating in the corona. 




Fig. 3. — Degree and angle of polarization for a sandwich corona, varying the optical depth 
and electro n temperature, maint a ining a roughly constant Compton-?/ parameter, [repro- 
duced from ISchnittman fc Kroliki (120101 )] 



Schnittman Sz Krolik! ( 120101 ) considered a few different simple geometries for the corona 



and used a Monte Carlo ray-tracing code to calculate the expected polarization signature 
for each case. Figure [3] shows one example of how polarization may provide additional 
information about the properties of the corona. The geometry considered here is a smooth 
sandwich with constant opening angle of H/R = 0.1, and vertically-integrated optical depth 
constant across the entire disk. The same qualitative behavior is found as in the thermal disk, 
with the polarization swinging from horizontal at low energies to vertical at high energies. 
However, unlike the thermal state where the transition is due to the global geometry of 
return radiation, in the coronal state, the polarization transition can be explained by more 
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local effects. When the optical depth of the hot corona is of order unity and the scale height 
is relatively small (H/R < 0.1), photons that scatter multiple times are constrained to move 
in a plane parallel to the disk, and thus are preferentially polarized in the vertical direction 



The more scattering events, the stronger the degre e of polarization (jSunyaev &: Titarchuk 



19851 ; iMatt et al.l Il993t iPoutanen fc Svenssonl Il996l ) . Since each scattering event in the hot 



corona increases the photon energy by an average fractional amount, those photons that 
scatter more will have larger polarization and higher energy. 

The sandwich models shown in Figure [3] were chosen to all have the same Compton 
^/-parameter and thus produce nearly identical broad-band spectra. Yet the polarization 
signals clearly distinguish between them. The reason is simple enough: to reach a certain 
energy, the same seed photon would have to scatter more times in a warm corona (T c « 50 
keV) than in a hot corona (T c « 200 keV). More scattering requires a more constrained 
geometry, which in turn naturally leads to higher polarization. 



In addition to the planar sandwich geometry, ISchnittman fc Krolikl ( 120101 ) also consid- 
ered toy models such as a spherical central corona surrounded by a truncated thermal disk, 
and a clumpy corona with a finite number of hot blobs orbiting above the disk. In all cases, 
the characteristic transition from horizontal to vertical polarization was present, suggesting 
that low-resolution measurements made with the first generation of X-ray polarimeters may 
not be able to distinguish between these simple models. On the other hand, if we do not see 
such a swing, or if the polarization is below ~ 1 — 2% across the entire band, then whole 
families of coronal models could be ruled out. 

In conjunction with more traditional X-ray observations like spectroscopy and timing, 
polarization will help to address these questions: 

• What are the physical properties of the corona: density, temperature, scale height, 
magnetization, homogeneity? 

• What is the physical origin of the hot corona? 

• How does the hot corona interact with the cool disk; what is the nature of the boundary 
between these different regions? 

• What is the profile of ionizing flux that generates iron flourescent lines; does it originate 
from the corona or disk or jet? 

• Where is the inner edge of the disk, as measured by reflection opacity? 

For particularly bright galactic sources such as GRS 1915+105, even first-generation 
instruments like GEMS should be able to make some time- dependent observations of vari- 
able polarization. As one example, we plan to model the time-varying polarization from 
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the large amplitude low-frequency (~ 1 — 10 Hz) QPOs often seen seen in the SPL state. 
One possible physical model for these QPOs is that of an inclined disk or torus precessing 
around the spinning BH at the Lense-Thirring frequency, modulating the flux and spectrum 
(jSchnittman et al.l l2006al ; llngram et al.ll2009l ). and the polarization as well. Since the in- 
clination of the inner disk is changing with the flux, polarization is an ideal tool for either 
confirming or challenging this model. In GRS 1 915+105, the ~ 1 Hz QP Os are strong enough 
to resolve and add in phase over many periods iMiller fc Homanl ( 120051 ) . 



2.3 Hard State 



Remillard fc McClintockl (120061 ) define the Hard State as one where the spectrum is 
dominated by a flat power-law with (0.4 < a < 1.1) and no significant contribution from a 
thermal disk. There are often strong QPOs in the 1 — 10 Hz frequency range, and also radio 
jets are quite common ( IFender et al.l 12004 ). As in the coronal SPL state discussed above, 
there remain sizable uncertainties about the nature and geometry of the hard X-ray emitting 
region. Popular models for the hard state of stellar-mass BHs include a cool disk truncated at 
large radius (~ 100 GM/c 2 ) s urrounding a ho t , radiatively inefficie nt flow ( iGierlihski et al. 



19971 : iMcClintock et al.ll200ll ; Esin et al.l 1200 ll ; iDone fc Tried 120091 ). or alternatively a more 
extended disk surrounded by an optically thick hot corona, possibly in the form of a hot wind 
(felandford k Begelmanl |2004[ IMiller et all bood : iReis et al.l 12009 ). While the geomet ry of 
the corona could be as simple as a uniform slab in the SPL state ( iZdziarski et al.ll2005l ). the 
hard state of galactic BH binaries, as well as the X-ray emission from AGN, a re more likely 



caused by clumpy, inhomogeneo us coronas, possibly caused by magnetic flares ( iHaardt et al. 



1994 ; iPoutanen &: Fabianlll999l ). Even in the cases where radio jets are seen coincident with 
the X-ray observations (in either AGN or galactic BHs), it i s not clear if the h ard X-rays 
are com ing predominantly from the iet (iMarkoff et al.l l2005t iRussell et al.l 120101 ) , from the 



corona dBege 



( jMaitra et al. 



man fc Sikoralll987l ; iMalzac et al.ll2009l ). or from some combination of the two 
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Models for coronae and truncated disks will be similar to those used above for the SPL 
state. More theoretical work will need to be carried out to develop comparable models 
for simulating the polarization from jets. Some work in this area already exists in the 
AGN conte xt (IBegelman fc Sikoral ll 98 71 ; iPoutanenl 1 1994 ) and for one specific stellar-mass 
BH picture (IMcNamara et al.ll2009l ); we need to generalize these models to a wider range of 
galactic black holes in the hard state. Jets are known to produce highly polarized flux in 
other wavelengths, generally attributed to synchrotron radiation of hot electrons in a coherent 
magnetic field. These hot electro ns can produce s ynchroton self-Compton radiation in the X- 
ray band, also strongly polarized ( lPoutanenlll994 ) . The jet can also serve as a source for hard 
X-rays that can get polarized by scattering off the accretion disk/corona (the "lamp post" 
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model; iDovciak et al.l (120041 ) ). Additionally, low-energy seed photons from the disk may get 
upscattered in the jet, f urther adding to the polarization signal ("external Comptonization;" 
McNamara et al.l ( 120091 )). In either case, the total flux from the jet may be relatively small, 
but highly polarized. With new models for X-ray polarization from BH jets, we may be able 
to distinguish between the coronal and jet models for the physical nature of the low hard 
state. 

We have learned a great deal from polarization measurements of jets in the radio, IR, 
and optical bands, but because they can probe different length and energy scales, we expect 
X-ray polarization measurements to significantly improve our understanding of BH jets, 
helping to answer the central questions: What is the magnetic field structure of the jet? 
What are the basic physical properties of the jet: density, composition (baryons vs pairs), 
Lorentz factor, electron temperature? How is the jet generated near the BH? What role does 
BH spin play in jet production and strength? What is the source of the seed photons for 
inverse Compton processes? 

As we have seen with the coronal models, by adding more model parameters, it often 
becomes more difficult to constrain any one of them with observations. Thus it will be 
critical to provide quantitative estimates of the confidence limits achievable by polarization 
observations of real astrophysical sources. At the very least, we expect that X-ray polariza- 
tion detections (or even upper limits) will be able to rule out entire classes of jet models. 
Here multi-wavelength observations will be particularly val uable, using radio observations 
to confirm the presence of a jet and possibly its orientation (IFender et al.ll2004l ). 



ACTIVE GALACTIC NUCLEI 



It has long been known that a significant fraction of the flux from AGN is emitted in 
the X-ray band (jElvis et al.lll978l ). As in stellar-mass BHs, this high-energy flux likely comes 
from lower-energy seed photons inverse- Compton scattered in a corona of hot electrons with 
T c ~ 100 keV. Similar to the stell ar-mass case, this leads to a relatively hard power-law 
spectrum with index a ~ 0.5 — 1 (INandra et al.l Il99ll ; iMushotzky et al.lll993l ). However, 
unlike the stellar-mass case, the temperature of the inner disk for an AGN will be well 
below a keV, leading to a thermal peak in the UV band. Furthermore, even when the 
disk is dominated by radiation pressure and electron scattering opacity, there should still 
be a substantial fraction of metals that are not fully ionized, producing a large opacity for 
absorption above ~ 1 keV. 



Both of these AGN features — lower energy seed photons and an X-ray absorbing disk — 
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lead to important differences in the polarization signature as compared to the stellar-mass 
case. Because the seed photons start off with lower energies, they must scatter more times in 
the corona in order to reach the ~ 1 — 10 keV band. For a thin sandwich corona, this means 
that the scattering geometry is even more constrained than in the stellar-mass case, forcing 
the photons to move in a plane p a rallel to the disk surface, leading to a stronger vertical 
polarization iPoutanen fc Svenssonl (119961 ) . The AGN disk absorbs much of the incident X- 
ray flux from the corona, so the Compton y-parameter is effectively smaller than that of a 
stellar-mass system with the same coronal properties because scattering sequences are halted 
once a photon strikes the disk, thereby reducing the average path length of the photons that 
escape to infinity. An absorbing disk boundary condition with a sandwich corona therefore 
leads to an even higher degree of X-ray polarization because the photons are forced to scatter 
in a more constrained geometry before escaping the corona. 



Fig. 4. — Degree and angle of polarization for a supermassive BH with M = 10 M®, a/M = 0.9, 
and i = 45°, with corona temperature T c = 100 keV and varying covering fractions. The thermal 
disk flux peaks around 100 eV. 




As shown in ISchnittman fc Krolikl (120101 ). polarization corollates closely with covering 
fraction of the corona. In Figure H] we show the polarization from an AGN with central mass 
M = 1O 7 M , spin parameter a/M = 0.9, thermal luminosity I/therm = O.lLEdd, and observer 
inclination angle i = 45°. Four different corona models are considered: a homogeneous 
wedge with H/R = 0.1, r = 1, and T c = 100 keV, and three clumpy models with the 
same scale height, mean optical depth, and temperature, but with partial covering fractions 
of f c = 0.25, 0.15, and 0.05. In the clumpy coronas, the density was chosen so that the 
total flux in 2 — 10 keV was approximately the same in all cases. Again, the polarization 
transitions from horizontal to vertical near the thermal peak, here around 100 eV. Clearly, 
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the more uniform coronas lead to higher polarization, again showing that polarization is 
fundamentally a measure of symmetry. 

Like their stellar-mass counterparts, many AGN produce powerful relativistic jets. In 
particular, the blazar class of AGN have their jet axes pointing t owards the observer , which 
leads to intense beaming of radiation and rapid variability (see Krawczynski et al.l (120121 ) 
for a detailed discussion of blazar science with GEMS). Blazar spectra are typically charac- 
terized by two peaks: a synchrotron peak in the UV/optical/mid-IR, and a secondary peak 
in the X-ray/ gamma- ray band, likely caused by the inverse - Compton scattering of either 
the s ynchrotron flux (IPoutanenl 1 1994 iGhisellini et al.l Il998f ) or possibly photons from the 



disk (IMcNamara et al 



2009i ). As mentioned above, polarization is most sensitive to the 



scattering geometry, an d thus is an ideal too l to distinguish between internal and external 
inverse-Compton seeds (IKrawczynski Il2012al ). Since hot electrons generally cool faster via 
synchrotron radiation than cool electrons, they will sample a smaller and thus more coherent 
portion of the jet's magnetic field. It is therefore quite likely that X-rays created directly in 
the jet may be even m ore highly polarized than the optical flux observed in many blazars 
(IMarscher et al.ll2008l ). However, in the synchrotron self-Compton picture, it is the same 
electron population producing both the optical and X-ray flux, so it is not obvious how the 
polarization will scale with energy in those sources. 

The open questions regarding AGN corona and jets may be addressed with X-ray po- 
larization in much the same way as the galactic BHs, with the noted differences mentioned 
above, namely the lower-energy seeds require more scatterings to reach the 2 — 10 keV band, 
and the importance of absorption of X-rays by partially ionized metals in the disk atmo- 
sphere. On the practical level of connecting theory with observation, and planning of new 
scientific missions, one must also note that AGN are typically orders of magnitude less bright 
than galactic sources, and are also more likely to be seen at lower inclination angles where 
obscuration from surrounding dusk is lowest, giving lower polarization amplitude for most 
models. On the other hand, the persistence of even the most variable AGN makes them more 
reliable targets than the transient galactic sources. Furthermore, many of the bright nearby 
AGN also have an enormous wealth of previous deep observations across the spectrum, in- 
cluding polarization measurements in the radio, IR, and optical, all of which bring valuable 
independent insight into the geometry of these sources, and provide powerful constraints for 
many theoretical models. 
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GEMS TARGETS 



There are currently about 30 known galactic BHs and BH candidates ( IRemillard fc McClintock 



20061 ). The majority of these objects spend most of their time in the quiescent state, but 
when they do go into outburst, they are some of the brightest X-ray sources in the sky, and 
thus ideal targets for photon-limited measurements like polarization. Many of the simple 
models discussed above predict polarization signatures that are strongly dependent on pa- 
rameters like the accretion disk inclination, mass accretion rate, BH mass, and the distance 
to the source. All of these parameters could in principle be determined with complementary 
observation in other wavelengths. Thus it will be critical when trying to model real sources 
that we are able to incorporate as much prior information as possible, in order to maximize 
the relative value added by the polarization measurement. 

Here we present a list of potential GEMS targets with a brief summary of the observa- 
tional properties of each source, and the primary science questions that may be answered 
by each object. We also include some suggestions for multi-wavelength observations, either 
contemporaneous or in some cases, simultaneous. These targets are summarized in Table [TJ 



4.1. Galactic BH binaries 



Cyg X-l: The first stellar-mass black hole discovered, and one of the nearest and bright- 
est in the galaxy. Recent observations have provided exqui site measurements of its mass, 
distance, and inclination (IReid et al.ll20! It lOrosz et al.ll201lf ). which will make it even more 
valuable for using polarization to measure spin. However, the relatively low inclination 
suggests that we should expect low inherent polarization. 

GX 339-4'- A relatively nearby source with numerous observations of the iron line. The 
small mass leads to higher thermal temperatures, which is useful for observing the thermal 
state with GEMS' 2-10 keV bandpass. The moderate yet uncertain inclination may make it 
difficult to generate a high degree of polarization. 

LMC X-3: Despite its distance, and thus low flux, this is a high-priority source due 
to its high duty cycle in the thermal state, and relatively high inclination. With enough 
integration time, we should be able to observe directly the effects of spin and strong gravity 
on the polarization from a thin disk. 

LMC X-l: Similar to LMC X-3, but lower inclination, so lower expected degree of 
polarization. 



GRS 1915+105: This is an extremely bright, persistent source that is highly variable 
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and undergoes multiple state transitions, predominantly in the hard and steep power low 
states, and exhibits a rich selection of QPOs. It is a prime candidate for using time-resolved 
polarization to study the accretion geometry of the system. The large inclination makes high 
polarization likely. 

4U 1957+11: A relatively faint source that may be in the galactic halo. Mass and 
distance are not well- const raine d, but thermal spectrum is consistent with very rapidly 
spinning BH ( iNowak et l201lh . Inclination not well known, but likely high, so this is a 
potentially promising source for testing thin disk models with extreme spins. 



4.2. Active galactic nuclei 



MCG 6-30-15: The paradigmatic Seyfert-1 source for strong, relativistically broadened 
iron line emitted from the inner disk. The relatively high 2-10 keV flux makes it feasible for 
polarization measurements, and the inclination is well-contrained by the blue-shifted edge 
of the iron line. While this inclination is small (~30 degrees), the AGN corona models 



described in ISchnittman &: Krolikl ( 120101 ) predict at least a few percent polarization in this 



case. 

NGC 1068: A nearby Type-2 Seyfert galaxy with an edge-on disk, the X-ray flux could 
potentially come from reflection of the central compact source off of the surrounding ho t 
wind, which would lead to a very high degree of polarization (lAntonucci fc Millerl 119851 ). 
The low flux will make it difficult to measure anything but the highest polarization. 

Cen A: Nearby bright FR I radio galaxy with large scale relativistic jets. Galactic disk 
nearly edge-on, dominated by dust, gas, and star formation. Good sour ce for studying jets; 
central engine heavily obscured below ~ 5 keV (IMarkowitz et al.l 120071 ). There is a strong 
narrow Fe line and the continuum is modestly variable. 



NGC 4151: A nearby Type-1 Seyfert with relatively large absorption column ( [Weaver et al. 



1994T ) . Recent observations suggest a ti me lag between the continuum and a broad iron line, 
with the continuum leading by 2000 s (IZoghbi et al.ll2012[ ). Combined with X-ray polariza- 
tion, this promises to be a powerful probe of the illumination geometry of the inner disk. 

NGC 5548: A Sy 1.5 galaxy with estimated inclination ~ 30 deg, but evidence for a 



disk truncated at large radius, as inferred from the lack of a broad Fc line (Brcnncman et al. 



20121 ). Could be an excellent source for testing the spherical corona model for a radiatively 
inefficient accretion flow. 
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Table 1: GEMS target list of galactic BHs and AGN. The fluxes are in the 2-10 keV band. 
The hard/steep power law states are designated "H/SPL," and "TD/VH" represents the 
thermal- dominant /very high state. The duty cycles and fluxes come from the all-sky monitor 



on RXTE. 



OUUI Ct; 


A/Tq gg 




lllt^llllctllUIl 


O lalt 


r IU.X. 






(M e ) 


(kpc) 


(deg) 




(mCrab) 


(%) 


GX 339-4 


7+0.2 


8+1 


46+8 


H/SPL 


58 


32 










TD/VH 


290 


25 


GRS 1915+105 


14+4 


11-12 


66+2 


H/SPL 


750 


95 










TD/VH 


360 


5 


Cyg X-l 


14.8+1 


1.9+0.1 


27+1 


H/SPL 


360 


90 










TD/VH 


880 


10 


LMC X-l 


10.9+1.5 


48+2 


36+2 


H/SPL 


21 


30 










TD/VH 


21 


68 


LMC X-3 


11.5+2 


48+2 


60+10 


H/SPL 


17 


28 










TD/VH 


25 


65 


4U 1957+11 


>3 


>10 


<75 


H/SPL 


32 


28 










TD/VH 


31 


70 


MCG 6-30-15 


5xl0 6 


30,000 


30 


SPL? 


2-3 


100 


NGC 1068 


1.7xl0 7 


14,000 


>70 


? 


<1 


100 


Cen A 


2xl0 8 


3,500 


~60 


hard? 


15 


100 


NGC 4151 


4.5xl0 7 


14,000 


45 


SPL? 


13 


100 


NGC 5548 


6.7xl0 7 


72,000 


30 


hard 


3 


100 
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5. EPILOGUE 

GEMS was proposed in response to the NASA SMEX announcement of opportunity 
in December 2008, was selected for phase A development in 2009 and selected for phase B 
in 2010. A technically successful Preliminary Design Review was held in Feb 2012. NASA 
Science Mission Directorate (SMD) indicated their intention to non-confirm (or cancel) in 
May 2012; the SMD decision was based on concerns that the eventual cost would be too 
high. 
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